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Thermogenic uncoupling has been proven only for UCP1 in brown adipose tissue. All other isoforms ofUCPs are potentially acting in suppression of
mitochondrial reactive oxygen species (ROS) production. In this contribution we show that BAT mitochondria can be uncoupled by lauric acid in the
range of ∼100 nM when endogenous fatty acids are combusted by carnitine cycle and β-oxidation is properly separated from the uncoupling effect.
Respiration increased up to 3 times when related to the lowest fatty acid content (BSA present plus carnitine cycle). We also illustrated that any effect
leading to more coupled states leads to enhanced H2O2 generation and any effect resulting in uncoupling gives reduced H2O2 generation in BAT
mitochondria. Finally, we report doubling of plantUCP transcript in cells as well as amount of protein detected by 3H-GTP-binding sites inmitochondria
of shoots and roots of maize seedlings subjected to the salt stress.
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Thermogenic uncoupling has been proven only for UCP1 in
brown adipose tissue [1–3]. UCP1 in thymus [4], as well as other
low-abundant UCPs (UCP2 to UCP5) in tissues where expressed
are able just to attenuate mitochondrial production of reactive
oxygen species (ROS) [5–8]. Reconstituted UCPs were found to
essentially require fatty acids (FAs) [9; Beck et al., in this issue]
including hydroperoxy-FAs [10], to ensure their uncoupling
function, the mechanism of which is still a matter of debate [1–3].
We prefer Skulachev's FA cycling hypothesis [11], supported by
the fact that UCPs are able to provide uniport of long chain
alkylsulfonate anions which in turn compete with FA anions [12].
Fully dissociated sulfonates cannot be protonated at pH ∼7 andAbbreviations: BAT, brown adipose tissue; BSA, bovine serum albumin;
CAT, carboxyatractyloside; CCCP, carbonyl cyanide trifluoromethoxyphenyl-
hydrazone; FAs, fatty acids; MOPS, morpholinopropanesulfonic acid; PN,
purine nucleotides; TES, N-tris(hydroxymethyl)methyl-2-aminoethane sulfonic
acid; UCP1, BAT-specific mitochondrial uncoupling protein; UCPn, uncoupling
protein, isoform n; ZmPUMP1, maize (Zea mays) UCP isoform 1
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ing protons [13]. This ability is natural to the native FAs, hence
they undergo FA cycling. Certain so-called inactive FAs, lacking
the ability to flip flop with protons across the lipid bilayer [14–
17], do not induce UCP-mediated uncoupling [18]. Recently, we
have provided evidence for essential requirement of FA for un-
coupling function of UCP2 (Beck et al., unpublished data) and
proven the existence of FAbinding site onUCP2 (Raju, Trommer,
Jeek, et al., unpublished data).
UCP1 [12,13,18–21], UCP2 [10,22,23] and UCP3 [22,23]
were reported to be inhibited by purine nucleotide di- and tri-
phosphates (PN), although some other reports for UCP2 and
UCP3 show no inhibition [24–28]. A pioneer work of Nicholls
and colleagues also described that purine nucleotide monopho-
sphates inhibit UCP1 although at higher doses and that several
pyrimidine nucleotides such as UDP, UTP, or CTP act with
medium strength as UCP1 inhibitors [29,30]. Ježek and
colleagues [31] have confirmed inhibitory ability of GMP and
AMP as well as decrease in GDP inhibitory ability when pH is
elevated from neutral pH 7 to alkaline pH (the IC50 was by one
order of magnitude higher when pH raises by one unit) and when
Mg2+ is present. Excellent binding studies of Klingenberg and
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and loose binding conformation and other details of nucleotide
interaction with UCP1. Moreover, these studies [35] confirmed
reduction in PN binding in the presence of inorganic anions such as
sulfate, pyrophosphate, etc. Most of the studies, however, have
demonstrated independent nature of inhibition by PN and
activation by FAs, by the other words a non-competitive nature
of PN inhibition with the regards to FA uniport [1,3,12] or FA-
induced activation of uncoupling. But anionic fatty acid could
exhibit similar “surface charge” influence as anions do in general.
At least such an influence has been reported for alkylsulfonates
[36]. Recently, Shabalina et al. [37] have concluded that FAs
compete with PN on UCP1 and that “UCP1 acts as a proton
(equivalent) carrier in the absence of exogenous or endogenous
fatty acids”.
As we see, more controversies rather than consensus mecha-
nism(s) exist in UCP studies. The detailed knowledge of all
aspects concerning uncoupling mechanism, its inhibition, and
possible existence of modulators of PN inhibition is required in
order to understand initiation of uncoupling. The best described
but not yet fully understood is initiation of UCP1-induced un-
coupling in BAT in vivo [1,2]. Norepinephrine acting via β3-
receptors induces lipolysis and mobilizes fatty acids [2]. This
should “activate” UCP1 function in a sense providing cycling
substrates to it. However, due to PN inhibition, one must either
assume that the content of intramembrane “cytosolic solution“ is
such that it allows uncoupling at the thermogenic state in BATand
nearly no uncoupling in the resting state; or one must predict an
“activator“ which counteracts PN inhibition if it persists. In vivo
nucleotide concentrations were estimated by La Noue and
colleagues as 2 mM ATP and 0.5 mM ATP in the thermogenic
and resting state of BAT, respectively [38]. Ježek et al. have shown
that just withMg2+ present these concentrations provide an “open”
and “closed” state of UCP1 [31]. In vitro simulations of the in vivo
“cytosolic solution“ could lead to infinite iterative studies, since
many more components are involved, especially intermediates of
the carnitine cycle, etc. Studies of in situ mitochondria are required
to resolve the uncertain details of in vivo activation of UCP1-
mediated uncoupling.
The situation with initiation of UCP2- (UCP3-, etc.) mediated
uncoupling is even more complicated. Brand and colleagues
proposed activation due to chemical modification of UCP2
by end-lipoperoxidation product 4-hydroxy-2-nonenal [39–41].
We agree on possible UCP activation in situ by lipoperoxidation
products, but we ask why only one of numerous end- and inter-
mediate products of lipoperoxidation could have such a function
and why not the others? We have provided evidence for a pos-
sibility that FA hydroperoxides acting as regular FAs and inducing
UCP2-mediated uncoupling by cycling mechanism [10] can
be equally good “activators”, since they are abundant during
lipoperoxidation and are frequently cleaved off phospholipids
by those phospholipase A2 isoforms which are specific for
peroxidized lipids or even activated by the oxidative stress
[42,43]. In conclusion, activation by any lipoperoxidation pro-
ducts represents a feedback loop which by a mild uncoupling
attenuates mitochondrial superoxide production and leaves
more capacity of detoxifying enzymes and redox buffers [44] tocombat lipoperoxidation products, as well as protein and DNA
modifications.
In plants, the established phenotype of plant UCP (or PUMP
[45]) from Arabidopsis thaliana [46], potato [47–49], or tomato
[50–52] is also a FA-activated protonophoric function inhibited
by PN. Note, however, that a mixture of all three possibly ex-
pressed PUMP isoforms can contribute to phenomena in intact
plant mitochondria [53]. This phenotype served as a marker for
PUMP identification and was indeed found in numerous plant
species and in most of their studied organs and tissues [54],
notably in fruits. Consequently, it is plausible that at least one of
PUMP genes (such as PUMP1) is ubiquitously expressed. The
role of PUMPs in prevention of excessive ROS formation is very
plausible [49,55,56] and enhanced PUMP expression and/or
activation [57] induced by oxidative stress is expected, if PUMP
should play a major antioxidant role.
In this presentation, we have reevaluated experiments similar
to those of Shabalina et al. [37]. Instead of removing FAs byBSA,
we employed so-called carnitine cycle to combust majority of
endogenous FAs [58,59]. Moreover, we did not let the added FAs
to undergo β-oxidation and concomitant respiration increase,
hence, we estimated a net FA uncoupling effect in BAT mito-
chondria. In spite of this, we show that fatty acid can activate
UCP1 in BATmitochondria at very low∼100 nM (∼0.2 nmol per
mg protein) concentrations and that such uncoupling is sensitive
to PN. Moreover, we show that maximum H2O2 production in
BAT mitochondria proceeds in their fully coupled state and
minimum at uncoupled state established either due to endogenous
FAs or by an addition of an uncoupler. In contrast to abundant
knowledge on transcriptional upregulations ofmammalian UCPs,
we illustrate that also plant UCP expression can be induced under
conditions when attenuation of oxidative stress resulting from an
external insult is required. We report doubling of plant UCP
transcript in cells as well as amount of protein detected by 3H-
GTP-binding sites in mitochondria of shoots and roots of maize
seedlings subjected to the salt stress. Our data suggest a possible
protective role for plant UCP in amelioration of oxidative stress
induced by salt exposure [60].
2. Materials and methods
2.1. Respiration measurements and carnitine cycle assay with BAT
mitochondria
BAT mitochondria were isolated by standard differential centrifugation in
250mMsucrose, 1mMTris–EDTA, 2mMATP (Tris salt), 10mMTris–MOPS, pH
6.8, containing 2 mg/ml BSA. Respiration of BAT mitochondria (0.5 mg/ml) was
assayed aswell as their depletion of FAswas done inmedium of 50mMKCl, 1mM
Tris–EDTA, 4mMKPi, 2 mMMgCl2, 20mMK-TES, pH 7.2, containing 0.75 μM
cyclosporin A in a 2-ml glass chamber equipped with a Clark oxygen probe (YSI,
USA) at 37 °C. The carnitine cycle [59] was first induced by the addition of 0.2 mM
ATP, 0.5 mM carnitine, and 10 μMCoenzyme A, to facilitate inward transport and
β-oxidation of endogenous FAs for 5minwithout the substrate addition. This leaves
sufficient dissolved O2 to allow us to study subsequent respiration using
conventional Krebs cycle substrates. Then, 12.5 μM etomoxir, 2.5 μM CAT, and
1μg/ml oligomycinwere added, and subsequently also 5mMTris–citrate and 5mM
Tris–malate. To such coupled BAT mitochondria depleted of most of endogenous
FAs [59] and respiring in a state-4, a given dose of FA was added and a net FA
uncoupling effect devoid of contribution of β-oxidation has been measured. GDP
was added afterwards and 1 μM FCCP was added at the end of each run.
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H2O2 generationwasmeasured at 30 °Cby fluorescent monitoring of oxidation
of Amplex red by horseradish peroxidase in BAT mitochondria (0.1 mg/ml)
respiringwith 5mMTris–pyruvate, 5mMTris–malate in 125mMsucrose, 65mM
KCl, 10 mM Tris–HEPES, 1 mM Tris–EGTA, pH 7.2. For H2O2 detection, 5 μM
Amplex red and 10 units per ml horseradish peroxidase were added. Fluorescence
was monitored on a Fluorolog 322 (Spex-Jobin&Yvon-Horiba) fluorometer with
excitation at 570 nm (8 nm slit width) and emission at 585 nm (1.45 nm slit width).
Aliquots of H2O2 were added for calibration.
2.3. Real time RT PCR for maize PUMP mRNA quantification
Maize (Zeamays, cv.) seeds were germinated in wet germination paper at 27 °C
in darkness for five or 6 days (coleoptilesN3–7 cm). The 24 h incubation in 250mM
NaCl was applied to the developing etiolated shoots or roots, which is further
referred as salt stress. Immediately after treatment, coleoptiles were cut and placed
into liquid nitrogen for total RNA isolation by Chomczynski and Sacchi method. A
RochemRNA isolation kit was used to re-isolatemRNA fromDNAse I-treated total
RNA (30min at 37 °C). The sequence ofmaizeUCP, isoform1 (ZmPUMP1) cDNA
was obtained from Prof. Paulo Arruda (CBEMG, Universidade Estadual de
Campinas, Brazil) who cloned it on the basis of the ESTclone 605050B04.×1 of the
MaizeGenomeDatabase (ZmDB), accessionAI677128.We have designed primers
and fluorescent-labeled hybridization probes (Table 1) whichwere then synthesized
by TIB MOLBIOL (Berlin, Germany). 20 ng mRNA (100–300 ng μl−1) was
subjected first to reverse transcription at 55 °C, for 30min; second, 30 s denaturation
at 94 °C, and third, amplification of total 35–40 cycles, each one involving 2 s
denaturation at 94 °C, annealing at “primer” temperature of 56 °C for 25 s,
elongation at 72 °C for 25 s, in a LightCycler instrument (Roche) in the presence of
optimum4mmol l−1MgCl2. Fluorescence at 640 nmwasmeasured at the end of the
annealing step. To verify mRNA quality and absence of errors in sample handling,
mRNA for a housekeeping gene, maize ubiquitin (Table 1), was followed in parallel
samples. By a dilution series with an amplicon (386 bp encoding roughly the first
third of ZmPUMP1), we confirmed that measurements with mRNA consistently
showed a linear dependence of a time onset (a crossing point or cycle threshold),
TCP, on the amount of initial amount of amplicon.
2.4. 3H-GTP binding to maize mitochondria
Maize shoot mitochondria were isolated from coleoptiles that were minced
with scissors and disintegrated by aWaring blendor (3′, 5 s pulses) by conventional
differential centrifugation with final washings omitting BSA in a medium
containing 250 mM sucrose, 50 mM Tris–HEPES, pH 7.8, 1 mM Tris–EDTA,
2 mM dithiothreitol and 0.05% BSA. A self-generated Percoll gradient (33%) was
used subsequently to further purify crude mitochondria. Maize root mitochondria
were isolated as previously described [54]. BSA-washed mitochondria (0.5 mg
protein) were mixed with 3H-GTP aliquots (8–300 pmol; and with 1.7 mM “cold”
GTP in parallel series) and incubated for 30min in 200 μl ofmediumwith 100mM
sucrose, 20 mM Tris–HEPES, 1 mM EDTA, 2 μM rotenone, 5 μM CAT, pH 7.0.
Mitochondria, recovered by passing the incubation suspension through 0.45 μm
nitrocellulose filters (Millipore), were washed twice by 20 mM Tris–HEPES and
placed into a scintillation cocktail for counting. Radioactivity of the samplesTable 1
The design of primers and hybridization probes for ZmPUMP1 used in this work
Protein Sequence (5′→ 3′)
ZmPUMP1 Primer 1 CCAAgggCgACATCTCC
Primer 2 CgATggCACCAgTTgTgA
Probe 1 GAgCCTgTCAAATCCT
Probe 2 R640-CAAAgACCACgT
ZmUbiquitin Primer 1 ATCACCTTggAggTggAg
Primer 2 TTACTgACCACCACggA
Probe 1 CCATAACCCTggAggTT
Probe 2 R640-CggACACCATCgA
X denotes the fluorescein fluorophore (donor); R640 is a manufacturer (Roche) flu
synthesizing company (TIB MOLBIOL, Berlin, Germany).containing an excess of non-radioactive GTP was subtracted, and Scatchard plots
were constructed to give the number of 3H-GTP binding sites and the corre-
sponding Kds for each experiment separately (or for all data of two experiments).3. Results and discussion
3.1. Extent of net fatty acid-induced uncoupling in BAT
mitochondria
In thisworkwe provide two illustrative aspects formammalian
UCP1 and one for plant UCP. Let's consider first the classic UCP1
in its natural microenvironment as studied with intact BAT
mitochondria. We attempted to elucidate a well-known fact that
FAs alone are able to mimic the norepinephrine effect of up to 5-
fold increased respiration of BAT cells [2]. Nedergaard's group
has pointed out an apparent contradiction of this result with the
observable uncoupling by the FAs added in the presence of BSA
to the isolated BAT mitochondria, which reaches maximum
extent of 1.5-fold [37]. They had to subtract a FA-inducedH+ leak
of mitochondria of UCP1-knockout mice to reach a higher extent
[37]. We therefore attempted to demonstrate here, by combusting
majority of endogenous FAs using the carnitine cycle and by
properly separating β-oxidation from the uncoupling effect of
added FA, that we can obtain much higher activating rates, up to
2.5-fold; and even 3-fold vs. rates measured with BSA present
(Fig. 1A, B). When the activation was counted as a ratio between
the FA-uncoupled rate and the GDP-inhibited respiration, the
extent was even higher (Fig. 1A).
How these ratios were derived? We have studied lauric acid-
induced uncoupling with citrate and malate as substrates, in order
to avoid pyruvate cycling [58]. Moreover, at the end of 5 min
ongoing carnitine cycle, oligomycin, CAT, and etomoxir were
added, in order to exclude interferences by FOATPase, FA cycling
on the ADP/ATP carrier, and contribution of β-oxidation to
respiration, respectively. Without further additions, 2.5 μM lauric
acid (Fig. 1A, the left trace) accelerated respiration quite exten-
sively, whereas 250 nM (Fig. 1A, the middle trace) with less
extent but still exhibited substantial uncoupling. Thus, 2.5 μM
lauric acid uncoupled to a nearly maximum respiration such as
observed under subsequent CCCP addition (Fig. 1A). Addition of
2.5 μM lauric acid led to more than 2-fold increase in respiration
due to UCP1-mediated uncoupling as inferred from following
GDP inhibition.With 250 nM lauric acid, 1 mMGDPwas able to
inhibit 63% of such accelerated respiration when added after FAAnnealing temperature (°C)
56
56
TcTACgTCg-X 63
TggggATgT 62
Ag 55
gAC 55
gAgAgC-X 62
CAATgTgAAg 63
orophore (acceptor). The listed annealing temperatures were calculated by the
Fig. 2. H2O2 generation in BAT mitochondria under different states of coupling.
H2O2 generationmonitored with Amplex red (5 μM) in isolatedBATmitochondria
(0.1 mg/ml) respiring with pyruvate and malate in 125 mM sucrose, 65 mM KCl,
10 mM Tris–HEPES, 1 mM Tris–EGTA, pH 7.2, at 30 °C, and upon additions
indicated under the bars. Thus, 0.5 mg BSA/ml, 1 mM Tris–GDP, 1 μM FCCP,
1 μM oleic acid, or their combinations, were added to each run which was also
separately calibrated. Note, BSA was not present in excess but in concentrations
tolerated by Amplex red assay. Consequently, 1 μMoleic acid in its presence acted
as being in a lower dose. The bars and corresponding standard deviations represent
averages from measurements of three isolations of BAT mitochondria. Maximum
H2O2 generation rates reached∼75 pmolH2O2 permin andmg protein. These rates
were set to 100% and all other rates are displayed in this relative scale.
Fig. 1. Uncoupling of BAT mitochondria by lauric acid after depletion of
endogenous fatty acids by a carnitine cycle—(A) typical respiration traces, (B)
dose-response. BAT mitochondria were depleted of endogenous fatty acids using
carnitine cycle ongoing for 5 min as described inMaterials and methods. After this
period, 5 mM Tris–citrate and 5 mM Tris–malate were added together with 1 μg
oligomycin perml, 2.5μMCAT, and 12.5μMetomoxir. 1mMTris–GDPwas also
present from the beginning for the right trace. As indicated by arrows, 2.5 μM or
250 nM lauric acid (LA) was added (the left andmiddle trace, respectively), as well
as 1 mM Tris–GDP. At the end of each run, 1 μM CCCP was added. A dose
response (B) has been constructed for uncoupled respiration in the presence of
various LA doses relatively to rates obtained in the presence of 1 mg BSA/ml.
470 A. Dlasková et al. / Biochimica et Biophysica Acta 1757 (2006) 467–473or even before the carnitine cycle (Fig. 1A), indicating UCP1
participation. With GDP added from the beginning (Fig. 1A, the
right trace) 250 nM lauric acid accelerated respiration only 1.3
times, due to substantial GDP inhibition of the UCP1-mediated
uncoupling. The subsequent CCCP addition illustrated the
possible maximum respiration rate.
In several lauric acid titration experiments such as shown in
Fig. 1B, the apparent half-maximum activation fell around
1.5 μM lauric acid and maximum uncoupling was reached
around 5 μM, with the activation extent of 2.9-fold between
nearly zero FA levels (carnitine cycle plus BSA) and the reached
maximum. Since depletion of endogenous FAs is not expected to
be zero in our experiments, but ∼1 nmol/mg protein [59], one
can expect that intact in vivo activation would be even higher.
During our carnitine-cycle-assisted FA depletion, the first phase
of rapid O2 uptake indicated respiration of endogenous sub-
strates, as it occurred also in the presence of 12.5 μMetomoxir. A
subsequent slow decline of respiration indicated proceeding β-
oxidation, since it was inhibited by etomoxir (not shown). With
etomoxir added from the beginning, a highly uncoupled
respiration of BAT mitochondria occurred after subsequent
addition of substrates with rates reaching the rates in the presence
of CCCP, obviously due to the uncombusted endogenous FAs
(not shown).3.2. H2O2 generation in BAT mitochondria
As expected, H2O2 generation in isolated BAT mitochondria
respiring with pyruvate and malate was quite low, at least two
times lower than in liver mitochondria in state-4 [8]. It can be
explained by a partial uncoupling. Indeed, almost 1.5-fold in-
crease has been observed upon sole GDP addition and under fully
coupled conditions with BSA plus GDP (Fig. 2). Due to un-
coupling, the added 1 μMoleic acid reduced the H2O2 generation
to the minimum levels found in completely uncoupled mitochon-
dria in the presence of FCCP (Fig. 2). These minimum rates of
H2O2 generation were ∼2.5 times lower than the maximum with
BSA plus GDP (Fig. 2). GDP enhanced a little bit such H2O2
production due to its recoupling effect even in the presence of
oleic acid and when BSAwas simultaneously present maximum
H2O2 generation was restored. Similar relations were observed
also in medium used for the carnitine cycle (not shown). In
conclusion, we illustrate in several cases that any effect leading to
more coupled states leads to enhanced H2O2 generation and any
effect resulting in uncoupling gives reduced H2O2 generation in
BAT mitochondria.
3.3. ZmPUMP1 mRNA and possible protein increase upon salt
stress
An average 2-fold increase inmRNA for plant UCP, isoform 1,
i.e., ZmPUMP1, was found in maize shoots (n=5) and roots
(n=2) after 24 h treatment with 250 mM NaCl as derived from
LightCycler reactions. There was five to seven times more
ZmPUMP1mRNA (per ng ofmRNA) in roots than in shoots. 3H-
GTP binding studies on both shoot and root mitochondria from
Fig. 3. 3H-GTP binding to mitochondria—(A) isolated from control and salt-
stressed shoots of maize seedlings. Open symbols: controls; filled symbols: salt
treated. The Scatchard plots are shown with subtracted data for background,
measured with 2.5 mM “cold” GTP. Data are plotted for two independent expe-
riments (depicted by different symbols), i.e., for two isolations ofmitochondria from
shoots. Common linear regression fits of both experiments were then calculated
according to the model when Kd should not vary and only the number of binding
sites is changing. Consequently, the derived number of binding sites in control
shoots corresponded to 29 pmol per mg mitochondrial protein (Kd 1.1 μM), and
increased in salt-stressed shoots to 65 (Kd 0.98 μM). (B) Control and salt-stressed
roots of maize seedlings—open symbols: controls; filled symbols: salt treated. The
Scatchard plots are presented as for part a). Common linear regression fits of both
experiments were then calculated according to the model when Kd should not vary
and only the number of binding sites is changing. Consequently, the derived number
of binding sites in roots corresponded to 183 pmol permgmitochondrial protein (Kd
0.9 μM), and increased in salt-stressed roots to 463 (Kd 0.8 μM).
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over controls in the number of GTP binding sites (Fig. 3A, B).
The assay was performed in the presence of CAT to eliminate any
residual binding to the ADP/ATP carrier. Hence, we conclude that
all GTP binding sites may correspond to ZmPUMP. Surprisingly,
the PUMP amount estimated in this way in shoots is up to seven
times less than in roots. In shoots between 30 and 40 (pmol ofdimer per mg mitochondrial protein) increased to 77 to 83 with
salt stress (two experiments), while in roots amounts between 138
and 215 increased to 308 and 450 upon salt treatment (three
experiments). The increases in mRNA upon the salt stress
matched those in protein estimated from 3H-GTP binding sites.
Moreover, the 7-fold higher amount of GTP binding sites in roots
vs. shoots is in the same proportion as the ZmPUMP1 mRNA
levels. This fact could indicate that other PUMP isoforms are
present in minute amounts.
The observed increase in ZmPUMP1 transcript and possible
protein levels represent a potential uncoupling function. If this
function is enhanced by various activating mechanisms under the
continuing stress conditions, it may counteract increasing ROS
production (which we suppose would be even higher without
PUMP function). However, how, if any, recovery of the adenine
nucleotide pool and the concomitant termination of enhanced
PUMP function proceeds is not yet known. The increased PUMP
expression and activation of its function may serve to decrease
elevated ROS. Such function seems to be the most plausible
physiological role of PUMP in developing plant tissues, such as
during seed germination or fruit ripening.
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